Since its proposal, the idea to vastly increase data storage density with a magnetic non-volatile 3D shiftregister 1 has sustained interest in current-induced domain wall (DW) motion 2, 3 . So far, experimental efforts have focused on flat nanostrips, which exhibit a wide range of noteworthy effects [4] [5] [6] [7] , yet suffer from intrinsic DW instabilities limiting their mobility 2, 3, [8] [9] [10] [11] . In contrast, ferromagnetic cylindrical nanowires (NWs) can host a novel type of magnetic DW, namely the Bloch-point wall (BPW) 2,12,13 , which due to its specific 3D topology should not experience the same fundamental issue 2,14 . This could give rise to DW velocities over ≈ 1 000 m/s and fascinating new physics including coupling to magnetic spin waves 15, 16 , however, experimental evidence of DW dynamics in NWs is lacking until now. Here we report experimental results on current-induced DW motion in NWs with velocities > 600 m/s, quantitatively consistent with predictions. Furthermore, our results indicate that although previously disregarded, the OErsted field induced by the current plays instead a crucial and valuable role in stabilising exclusively BPWs.
Due to their 3D nature, cylindrical NWs inherently provide a viable means toward the practical realisation of a 3D magnetic memory concept 1 . NWs exhibit a unique feature, that is, DWs with two distinct topologies exist: the transverse-vortex wall (TVW) and the BPW (Fig. 1a,b) . The former shares the same topology with all DW types observed in 2D flat strips 17 , while the latter exhibits azimuthal curling of magnetic moments around a Bloch point, a local vanishing of magnetisation 18, 19 . This feature is specific to NWs and is at the origin of the predicted motion dynamics of this DW type. Importantly, both domain walls are metastable, exhibiting a very similar energy for typical wire diameters above a few tens of nm (below this limit BPWs may not be found).
The intrinsic advantage of the BPW in regards to fast and stable magnetic-field or current-driven dynamics of DWs is best explained by considering the time derivative of the magnetisation vector . m at any point, described by the Landau-Lifshitz-Gilbert equation 20 :
with γ 0 = µ 0 |γ|, γ being the gyromagnetic ratio, α the Gilbert damping parameter and β the non-adiabaticity parameter. H, the total effective field, is comprised of applied fields and fields originating from magnetic anisotropy, exchange and dipolar energy. An applied current will become spin-polarised on passing through the wire and thus exerts a torque on the magnetic moments in the DW. This spin-transfer torque is incorporated through u, with |u| = P (jµ B /eM s ) 20 , where j and P are the charge current density and its spin-polarisation ratio, respectively, µ B is the Bohr magneton, e the elementary charge and M s the spontaneous magnetisation.
In field driven cases, only the first, precessional term, and second, damping term, contribute to . m. Since α 1, any applied field primarily favors the precession of m about the field direction. In flat strips for applied fields above a few mT this causes continuous and reversible DW transformations from transverse to vortex walls for in-plane magnetisation, and from Néel to Bloch walls for out-of-plane magnetisation. This is termed Walker breakdown 11 and is facilitated by all these DW configurations sharing the same topology 8, 9, 21 . The mobility is high below the Walker threshold field (scaling with 1/α) and low above (scaling with α). The same physics is expected in NWs for the TVW, with the Walker field equal to zero due to the rotational symmetry of the geometry 2, 15 . The phenomenology of current-driven cases is similar: the adiabatic term favors motion, the non-adiabatic term favors azimuthal precession (third and fourth terms in Eq.(1), respectively), and the DW velocity is expected to be ≈ u below the Walker threshold and ≈ (β/α)u above it 20, 21 , again with a vanishing threshold for NWs 22 . In contrast, due to the rotational symmetry of the magnetisation texture in a BPW, one expects that magnetisation cannot freely precess azimuthally. Indeed, this would at some point imply a head-on or tail-on configuration along all three directions, with an c Cross sectional slice of a NW describing any point, r, in cylindrical coordinates, (r,ϕ,z), and the magnetisation, m, at that point in spherical coordinates (1, θ, φ) . Applying a positive current in the z direction produces the indicated OErsted field, H, tilting m by an angle θ away fromẑ towardsφ, with φ = π/2. d Schematic of shadow XMCD PEEM and the contrast resulting from a BPW from both the wire and the magnified shadow area.
enormous cost in dipolar energy. Instead, the azimuthal rotation comes to a halt and remains in a state essentially similar to the static one (Fig. 1b) . This implies an absence of Walker breakdown, both under field 2, 15 and current 14, 23 , and steady-state motion of the wall. The steady circulation is expected to be clockwise (CW) with respect to the direction of motion of the DW, while the counterclockwise (CCW) circulation may undergo a dynamics-induced one-time switching event to recover the CW circulation and steady state. This picture is valid both for BPWs in wires 2, 14 , and vortex walls 15, 23 in thick-walled tubes. Thanks to this locked topology, the mobility of the BPW is expected to remain high under both field and current, similar to below the Walker breakdown for walls in flat strips. Only when a speed around ≈ 1 000 m/s is attained, is mobility predicted to decrease, with new physics expected to occur via interactions with spin waves 15 . This effect, referred to as the spin-Cherenkov effect, not only warrants its exploration from a physics point of view, but may provide a controlled manner of releasing spin waves useful for both research and applications.
The existence of the TVW 24, 25 and of the BPW 25 was confirmed experimentally only recently using electron holography 24 and shadow X-Ray Magnetic Circular Dichroism coupled to PhotoEmission Electron Microscopy (XMCD PEEM) 25 ( Fig. 1d ). So far, there is no experimental report of the mobility under field, although Wartelle et al. observed transformations of TVWs to BPWs and vice-versa under application of quasistatic field pulses, challenging the theoretical predictions reported above for the specific dynamics of BPWs 26 . We show below that the picture is drastically different under spin-polarised current. We confirm the high-speed and absence of Walker breakdown, as predicted by theory.
To experimentally investigate current-driven DW motion in NWs, we electrically contacted magnetically soft Co 30 Ni 70 wires (Fig. 2a) , allowing the injection of nanosecond current pulses with amplitudes up to 3 × 10 12 A/m 2 . Fig. 2b shows an atomic force microscopy (AFM) image of the left hand side of the contacted NW from Fig. 2a . The corresponding magnetic force microscopy (MFM) image in Fig. 2c shows the initial magnetic configuration, with two DWs located at 1.2 and 7.2 µm from the edge of the left contact. By applying a current pulse of duration 5.8 ns and amplitude 2.21 × 10 12 A/m 2 , the left hand DW moved over a distance of ≈ 2 µm (Fig. 2d ), corresponding to an average velocity of ≈ 345 m/s. However, the right hand DW remains pinned, highlighting a common and key issue for inferring DW velocities from motion distances: pinning on geometrical or microstructural defects hampers DW motion 27 . Depinning not only requires a current density above a critical value j dp , but re-pinning can also occur at another location with a deeper energy well while the current pulse is still being applied. This, and the pulse shape degradation from impedance mismatches result in DW propagation with an effective time span possibly much shorter than the nominal pulse duration. Consequently, the values for DW velocity converted from motion distance and nominal pulse length are a lower bound of an unknown faster velocity (see supplementary material). Furthermore, with such large current densities the effect of Joule heating may not be neglected. However, accurate measurements of the NW resistance showed that the samples never exceeded the Curie temperature (see supplementary material) and that the results described herein are not caused by thermal activation. Fig. 2e (open circles) shows the discussed lower bound for DW velocity as a function of applied current density, inferred from a multitude of MFM images before and after pulses with durations ranging from 5 to 15 ns. Consistent with the expected picture of re-pinning, lower velocities are inferred from longer pulse durations. Still, DW velocities up to > 600 m/s were observed for applied current densities ≈ 2.4 × 10 12 A/m 2 . This sets a record for purely spin-transfer torque motion of DWs in a simple ferromagnetic material 28 . The black dotted lines in Fig. 2e act as a guide to the eye for the hypothetical speed v = (β/α)u, for three different ratios of β/α: 1, 2 and 3. This provides a strong hint supporting the predictions from theory and simulations for a BPW motion mechanism. Indeed, for Co 30 Ni 70 we measured M s = 0.67 MA/m 2 and with P ≈ 0.7, u ≈ 60.4 m/s per 10 12 A/m 2 . Our results are clearly not compatible with v = u, and rather point to a below-Walker regime (possibly following β/α 3) which is expected for a BPW. Note, however, that the adverse effects of DW pinning reappear in the form of a threshold current density j dp ≈ 1.2 × 10 12 A/m 2 to set any DW in motion. Above this value, DW motion was not fully reproducible, with some pinning sites associated with a larger j dp .
To link the measured velocity with theory, the DW type must be identified. For this purpose, we employed shadow XMCD PEEM (Fig. 1d) and imaged NWs before and after injecting a given current pulse (Fig. 3a,b) , with the added benefit of further data for wall speed (full symbols in Fig. 2e) . The values are lower than measured with MFM, as expected for less sharp pulse shapes with consequentially larger widths, due to the limited bandwidth of the signal sent to the sample in the XMCD PEEM setup. Returning to the DW type, the first striking fact is the following: from hundreds of DWs imaged after current injection, all were of the BPW type. These unambiguously appear as a symmetric bipolar contrast in the shadow 25 , corresponding to azimuthal rotation of magnetisation such as on Fig. 3a-b . This sharply contrasts with all our previous observations of NWs, imaged in the as-prepared state or following a pulse of magnetic field, for which both TVWs and BPWs had been found in sizeable amounts 25, 26 . The second striking fact is that the sign of the BPW circulation is deterministically linked to the sign of the latest current pulse, provided that its magnitude is above a rather well-defined threshold around 1.4 × 10 12 A/m 2 (Fig. 3c) . This comes irrespective of whether or not the wall has moved under the stimulus of the current pulse, and is independent of the pulse duration at the probed timescales. We hypothesise that these two facts are related to the existence of the OErsted field associated with the longitudinal electric current, its azimuthal direction favoring the BPW with a given circulation (Fig. 1c) . For a uniform current density j, the OErsted field is H = jr/2 at distance r from the NW axis. For the present NWs with radius R = 45 nm and j = 1 × 10 12 A/m 2 this translates to 28 mT at the NW surface. In order to support this claim we conducted micromagnetic simulations including the OErsted field. Starting from a DW at rest with R = 45 nm, we used α = 1 to avoid ringing effects and get a quasistatic picture, suitable to describe the PEEM experiments, for which the rise time is several nanoseconds. We evidenced that considering or eliminating the spin-transfer torques has no noticeable effect. Accordingly, the results presented below disregard these torques. In the domains themselves the peripheral magnetisation tends to curl around the axis, while it remains longitudinal on the NW axis, an aspect we will revisit later. We A/m 2 current pulse switches 75% of BPWs. c BPW switching probability as a function of j for two different wire samples (squares and triangles). Pulse durations are categorised and colour coded, see included labels. The grey region indicates the current density required for switching in simulations.
first consider TVWs as the initial state and find that these transform into BPWs with CW circulations with respect to the current direction, if the current density exceeds 0.4 × 10 12 A/m 2 . The underlying process is illustrated on Fig. 4a , displaying maps of m r and m ϕ on the unrolled surface of a NW as a function of time. These highlight the locations of the inward and outward flux of magnetisation through the surface, signature of a TVW 17 . While these local configurations are initially diametrically opposite, they approach each other until they eventually merge, expelling the transverse core of the wall from the NW. This is associated with the nucleation of a Bloch point at the NW surface, which drifts towards the NW axis, forming a BPW, a process similar to the dynamical transformation of a TVW into a BPW upon motion under a longitudinal magnetic field 26 . This transformation explains the absence of TVWs in our measurements, for which the applied current densities were always larger than 0.4 × 10 12 A/m 2 . In order to understand the unique circulation observed, we now consider the initial case of a BPW. BPWs with a circulation matching that of the OErsted field do not change qualitatively, only their width increases during the pulse, as a result of the balance of exchange versus OErsted field Zeeman energy. On the contrary, BPWs shrink if their initial circulation is CCW, i.e. opposite to the OErsted field. For j ≤ 1.5 × 10 12 A/m 2 the CCW BPW reaches a narrow yet stable state, and recovers its initial state after the pulse. Beyond this value the circulation switches through a transient radial orientation of magnetisation (Fig. 4b) . The process breaks both the rotational invariance, and the mirror symmetry with respect to the plane perpendicular to the NW axis. After the switching of circulation, the BPW expands and reaches a stable CW state. The value of the critical current density required for circulation switching is in surprisingly good agreement with the experimental one (Fig. 3c) , although the simulation does not incorporate thermal activation and considers α = 1. This suggests that the switching process is quite robust and intrinsic, which fits the narrow experimental distribution of critical current. In the simulations the switching time is of the order of 1 ns, which explains why no dependence on the pulse width was observed in the experiments, where all pulse widths were above 5 ns.
Whereas theory with no consideration of the OErsted field predicts a higher velocity for CW circulation with respect to the motion direction 2,14,23 , we did not notice an experimental difference between BPWs being initially CW or CCW. This is understandable, as j dp is in general larger than the critical current density required for the circulation switching event. As a result, the circulation is always CCW with respect to the propagation direction, i.e. CW with respect to the current direction, because of the negative electron charge. It is thus necessary to consider the effect of the OErsted field on DW velocity. Initial simulation results indicate that BPW motion still follows v = (β/α)u and that displacement is unchanged with and without the OErsted field. The OErsted field hence critically affects circulation, but has little to no effect on displacement and thus provides a robust method to control DWs.
It is now clear that the OErsted field plays a crucial role in the dynamics of DWs in cylindrical nanowires, challenging key predictions long considered as established facts. Surprisingly, previously the OErsted field was taken into account explicitly in a single report for NWs, in the case of square-cross-section 29 . No qualitative impact was reported, likely because a NW side of at most 48 nm was considered and a simple analytical model describing magnetisation in the domain, shows that the impact of the OErsted field scales very rapidly as R 3 , as accurately confirmed by simulations (see supplementary material). The situation closest to the present case is the report of flat strips made of spin-valve asymmetric stacks 30 . This is analogous to the unrolled surface of a wire, the curling of the BPW translating into a transverse wall, which tend to be stabilized during motion thanks to the OErsted field.
To conclude, theory has outlined cylindrical NWs as a textbook platform for the observation of new physics based on BPWs, such as absence of Walker field and dynamic chirality. 15, 16 . We have shown experimentally and by simulation that the OErsted field arising from spin-polarised current flowing through the wire to move DWs has a crucial impact on DW dynamics, while it had been disregarded so far. First, BPWs are robustly stabilised unlike in the field-driven case, and second, their handedness is negative with respect to the direction of motion, unlike previously predicted. We evidenced velocities in excess of 600 m/s, setting a record for spin-transfer-torque-driven DW motion in simple ferromagnets, confirming the predicted topological specificity of BPWs. This suggests that by improving materials, experimental set-ups and imaging techniques reading and detecting the predicted spin-Cherenkov effect are at hand.
Methods

Synthesis
Co 30 Ni 70 wires with diameter 90 nm were electrochemically synthesised in anodised aluminium oxide (AAO) templates. This material is face-centered cubic with rather soft magnetic properties [31] [32] [33] . NWs were freed from the membranes by dissolution of the AAO in a 0.6 M chromic and 0.4 M phosphoric acid solution, rinsed in water and then diluted in ethanol until a low concentration was achieved. Wires were then dispersed under the application of a low magnetic field in order to ensure alignment on naturally-oxidised Si/SiO x wafers with intrinsic resistivity ≈ 70 Ω · m and with previously lithographically deposited Au alignment markers. Localisation of suitable NW candidates was done by means of SEM. In a following step 10 nm thickness Ti and 100 nm thickness Au electrical contacts were deposited on selected NWs (Fig. 2a) via thermal evaporation onto a resist mask designed with laser lithography. Resistance measurements through the contacts provide a resistivity for the NW material, ρ ≈ 2.5 ± 0.5 × 10 −7 Ω · m, comparable to values reported for 2 µm films with the same composition 34 . DWs were nucleated by demagnetising the NW with a decaying oscillating magnetic field applied perpendicular to the supporting surface and thus to the wire axis, starting from 1 T.
Imaging techniques
Magnetic force microscopy was performed using home-made low magnetic moment tips, with a typical capping of 10 nm Co 80 Cr 20 . Current pulses of amplitude up to 3 × 10 12 A/m 2 and durations from 5 to 50 ns were injected using a high frequency pulse generator (Agilent HP8114a or Kentech). The current flowing through the NWs was monitored with an oscilloscope mounted after the NW.
XMCD PEEM in shadow mode 35, 36 was carried out at synchrotrons ALBA 37 and Elettra. Due to the three-dimensional nature of both the NWs and the electrical contacts, unusual imaging conditions (acceleration voltage of 10 kV, and increased sampleobjective distance at ALBA; and acceleration voltage of 15 kV at Elettra) were used to avoid electric discharges to the sample, resulting in a reduced spatial resolution of around 40 nm (see supplementary material). The horizontal beam direction was set to an angle around 70
• from the wire axis, in order to gather contrast from both the magnetic domain and the DW, allowing to measure both the DW polarity and type from the same image. The detailed contrast of the DW shadow region gave insight on the type of DW and the sense of circulation of the BPW, as detailed in 25 . Current was injected in the same manner as in MFM, however, current pulse shapes were distorted due to long cabling, UHV feedthroughs and the sample holder. This contributes to a significant error for current densities and pulse durations, and thus also for DW velocities. See supplementary material for further information on velocity calculations.
Simulations
Micromagnetic simulations were carried out with a home made finite-element code: FeeLLGood 38 , which solves the LandauLifshitz-Gilbert equation, possibly including spin-transfer torques. Material parameters were chosen as those of Co 30 Ni 70 (A = 1.1 × 10 −11 J/m, M s = 0.67 MA/m 2 ) with no magnetocrystalline anisotropy and wire lengths of 1 or 1.5 µm. In order to avoid possible artifacts related to the Bloch point (which is ill-described in numerical micromagnetics, based on the assumption of uniform magnetisation), we considered thick-walled tubes of outer radius 45 nm and inner hollow core radius 5 nm, rather than nanowires. Nonetheless, as control, solid NWs were simulated in some instances, with results not deviating from those of thick-walled tubes. α = 1 was chosen for simulations of OErsted field induced DW transformations with P = 0 to suppress spin-transfer torques. When adding the effect of spin-transfer torques without excessive computation time (a need for very long NWs), DWs were first relaxed with α = 1 and P = 0 to an intermediate iteration before the DW transformation process occurs. The simulation was then continued from this intermediate configuration with α = 0.02, β = 0.04 and P = 0.7 39 .
